Arthropods are frequently infected with inherited symbionts, which sometimes confer fitness benefits on female hosts or manipulate host reproduction. Early male killing, in which infected males die during embryogenesis, is induced by some bacteria, such as Wolbachia and Spiroplasma. A female-biased sex ratio has been found in Homona magnanima, collected from a tea plantation in Japan. Here, we examined the male-killing trait in H. magnanima and identified the agent that induces early male killing. The sex ratio distortion (SR) strain produced only females and no males, and its egg hatch rate was significantly lower than that of the normal (N) strain. The N strain was infected with only Wolbachia, whereas the SR strain was infected with both Wolbachia and Spiroplasma. Antibiotic treatment with 0.10% tetracycline restored the 1:1 sex ratio in the SR strain. Females treated with 0.05% tetracycline were positive for Spiroplasma but not for Wolbachia and showed a female-biased sex ratio, whereas Wolbachia-positive females did not revert to male killing. When inoculated with a homogenate of the SR strain female, females infected with only Spiroplasma produced female-biased offspring. Sequence analysis of the 16S rRNA gene revealed that Spiroplasma sp. of H. magnanima belonged to the ixodetis clade. These results indicate that Spiroplasma was responsible for male killing in H. magnanima. Late male killing is induced in H. magnanima by an RNA-like virus, and therefore this is the first case in which different malekilling agents expressed at different times in the life cycle have been found within one host species.
among siblings by the death of their brothers. In ladybird hosts, for example, male killing may benefit females because of resource reallocation through infected female larvae consuming the undeveloped eggs of their infected brothers (Elnagdy et al. 2011) . Late male killing, in which infected males die at the larval or pupal stage, has been reported notably in the following 2 cases. In a mosquito-microsporidian relationship, the microsporidium Amblyospora species displays alternating horizontal and transovarial transmission between the mosquito and a copepod intermediate host (Andreadis 2007) . Late male killing was also induced in Drosophila subquinaria, introgressed by mating with females infected with a strain of Wolbachia that causes CI in its natural host, Drosophila recens, resulting in a female-biased sex ratio (Jaenike 2007) .
The oriental tea tortrix, Homona magnanima (Lepidoptera: Tortricidae), is distributed mostly in Japan, Korea, China, and Taiwan (Tamaki 1991) . The species is polyphagous and an economically important pest of tea plants. A female-biased sex ratio was reported from a tea plantation in Ibaraki Prefecture, Japan (Morimoto et al. 2001) , and a maternally and horizontally transmitted RNA-like virus was found to induce late male killing (Nakanishi et al. 2008) . This was the first report on a maternally inherited symbiont from the field that causes late make killing. To survey the prevalence of the RNA-like virus in H. magnanima, we collected egg masses from a tea plantation in Shizuoka Prefecture, which is the largest area for tea production in Japan. Some host lines showing a female-biased sex ratio harbored the RNA-like virus, whereas others were not infected with the RNA-like virus but were coinfected with Wolbachia and Spiroplasma. Wolbachia and Spiroplasma are well known as male killers, and thus either or both bacteria might induce male killing in H. magnanima. Here, we examined the male killing trait of the H. magnanima Shizuoka population and identified the agent responsible for inducing male killing.
Materials and Methods

Insects
The normal (N) strain of H. magnanima, which exhibits a 1:1 sex ratio, was collected from a tea plantation in Akiruno, Tokyo Metropolitan, in 1999. Larvae were reared on an artificial diet (SilkMate 2S, Nosan Co., Yokohama, Japan) in a plastic container (23 cm × 15 cm × 5 cm) and kept in the laboratory at 25 °C under a 16L:8D photoperiod. To maintain the laboratory-reared N strain, 15 females and 25 males of the N strain were mated in a plastic container (20 cm × 30 cm × 5 cm) and egg masses were obtained.
We collected 98 egg masses of H. magnanima from a tea plantation in Shimada, Shizuoka Prefecture, in September, 2007. These egg masses were reared in the laboratory under conditions of 16L:8D and 25 °C until adult emergence. Each adult female was mated with 2 adult males randomly chosen from the N strain and allowed to lay eggs in a paper cup (7 cm × 7 cm × 6 cm). To assess RNA-like virus infection, RNA was extracted from all pupae and female adults (F 0 ) and analyzed by PCR, as described below. Shizuoka individuals that were negative for RNA-like virus but showed a female-biased sex ratio was designated the sex ratio distortion (SR) strain. A bacteriafree strain was established using antibiotics (see below), and the males were used for mating with the SR strain females.
Male-Killing Trait
Two egg masses of the N and SR strains were randomly collected and reared under 16L: 8D and 25 °C conditions. After hatching, larvae were individually transferred into 15 mL plastic cups with fresh artificial diet (INSECTA LF, Nosan Co.) and reared until adult emergence. The egg hatch rate, mortality rate, and sex ratios were recorded from December 2008 to January 2009.
Detection of the Male-Killing Agent by PCR Analysis
Total RNA was extracted from the abdomens of all pupae and adult females reared from the field-collected egg masses using ISOGEN (Nippon Gene, Tokyo, Japan). Total RNA was treated with RNasefree, recombinant DNase I (Takara Bio, Inc., Shiga, Japan) and was reverse-transcribed with AMV Reverse Transcriptase XL (Takara Bio, Inc.) using oligo [dT] 15-mer primer. Synthesized cDNA was used as the template.
Genomic DNA was extracted from 2 to 6 adult females or males of the N and SR strains reared in the laboratory. Individual abdomens were homogenized in 300 μL of cell lysis solution (10 mM Tris-HCl buffer [pH 8], 10 mM EDTA [pH 8], 0.1% SDS) and incubated with 1.5 μL of proteinase K (20 mg/mL) for 1 h at 37 °C and then with 1.5 μL of RNase (10 mg/mL) for 1 h at 37 °C. Next, 100 μL of Protein Precipitation Solution (Qiagen, Hilden, Germany) was added, and the tubes were shaken thoroughly and then centrifuged at 15 000 × g for 3 min. The aqueous layer was removed to a new tube, and 300 μL of 100% isopropanol was added. The tubes were shaken thoroughly and centrifuged at 15 000 × g for 1 min. The DNA was washed with 70% ethanol, dried for 10 min, resuspended in 40 μL of TE buffer, and then stored at 4 °C.
Each sample was assayed for the presence of RNA-like virus or 3 kinds of bacteria by PCR using the following specific primers: 99F and 994R for Wolbachia (O'Neill et al. 1992 ); Haln1 ) and SP-ITS-N2 for Spiroplasma; RpCS.877p and RpCS.1258n for Rickettsia (Regnery et al. 1991) ; and C3-F and C3-R for the RNA-like virus (Nakanishi et al. 2008) . Each gene was amplified in 20 μL of reaction solution containing 0.2 μL of the genomic DNA or cDNA preparation; 1.6 μL of dNTP mixture (2.5 mM, Takara Bio Inc.); 2 μL of 10 × PCR Buffer (Takara Bio, Inc.); 0.1 μL of Taq DNA polymerase (Ex Taq HS, Takara Bio, Inc.); 0.4 μL of each primer (10 pmol/μL); and 15.3 μL of SDW. The PCR was run with a temperature profile of 94 °C for 2 min followed by 35 cycles of 94 °C for 30 s, 48-55 °C for 30 s, and 72 °C for 30 s, and a final extension at 72 °C for 3 min. To confirm that the DNA preparation did not contain any factor that would inhibit the PCR reaction, a control test that amplifies the lepidopteran housekeeping gene β-actin was performed using the primers actin-S (5′-AACTGGGATGACATGGAGAAGATCTGGC-3′) and actin-AS (5′-GAGATCCACATCTGCTGGAAGGTGGACAG-3′), with a temperature profile of 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. For the positive controls of Wolbachia, Spiroplasma, and Rickettsia, DNA extracted from Laodelphax striatellus (Noda et al. 2001) , L. striatellus (Sanada-Morimura et al. 2013) , and Nephotettix cincticeps (Noda et al. 2012) , respectively, was used as template DNA.
The PCR products were electrophoresed on 1.5% agarose gels, visualized by ethidium bromide, and observed under UV light.
Sequencing of PCR Products
To determine the identity of the agent in samples producing a positive PCR result, the PCR products were purified using a QIAquick PCR Purification Kit (Qiagen). They were directly sequenced or cloned into the TA cloning vector pGEM-T (Promega KK, Tokyo, Japan) and transfected into Escherichia coli JM109 competent cells (Takara Bio, Inc.), in which ampicillin and X-Gal are used for the blue-white selection system. Sixteen sequencing reactions were performed with the plasmid DNAs as templates, the primers T7 (5′-TGGTCCAATAAGTGATGAAGAAAC-3′) and SP6 (5′-TGGAGTAGCGTTTAATT-3′), and a BigDye Terminator Kit ver. 3.1 (Applied Biosystems, Foster City, CA). Sequence analysis was performed using a model 3700 DNA analyzer (Applied Biosystems).
Transmission Electron Microscopy
Ovaries of female adults of the N and SR strains were dissected and fixed in 5% glutaraldehyde in Millonig's phosphate buffer (PhB: 0.012 M sodium dihydrogen phosphate dihydrate, 0.065 M disodium hydrogen phosphate 12-water, and 0.086 M NaCl [pH 7.8]) on ice for 1.5 h. After washing with PhB 4 times, the samples were transferred to 1% osmium tetroxide on ice for 2 h. The post-fixed samples were then dehydrated using the following ethanol and QY-1 series: 50% EtOH for 1 h, 70% EtOH for 15 min, 90% EtOH for 15 min, 95% EtOH for 20 min, 99.5% EtOH for 20 min, 100% EtOH for 1 h, a 1:1 mixture of 100% EtOH and QY-1 (Nisshin EM Corp., Tokyo, Japan) for 1 h, and QY-1 for 1 h. After dehydration, the samples were transferred to EP solution (Epon812, DDSA EM, MNA EM, and DMP30; Nisshin EM Corp.) and embedded in a 1:1 mixture of QY-1 and EP for 1 h, a 1:2 mixture of QY-1 and EP for 1 h, and EP for 2 h twice. Ultrathin sections were made using an ultramicrotome (Leica Microsystems, Wetzlar, Germany). The sections were placed on TEM grids and observed with a JEM-1400Plus TEM (JEOL Ltd., Tokyo, Japan).
Antibiotic Treatment
To establish host lines singly infected with Wolbachia or Spiroplasma and to determine which of these symbiotic bacteria cause the SR distortion in the SR strains, first instar larvae of F 0 and F 1 were fed on SilkMate 2S treated either with tetracycline hydrochloride and ampicillin sodium salt (Wako Pure Chemical Ind., Osaka, Japan) solution at 2 concentrations (0.1% or 0.05%) or with water as a control. They were reared under 16L:8D and 25 °C conditions. The sex ratio of pupae was recorded, and 23 female pupae were randomly selected. After adult emergence, each female was mated with a randomly selected male and allowed to lay eggs (F 1 ) in a paper cup (7 cm × 7 cm × 6 cm). Six pupae from each of 7 egg masses were selected and raised to adulthood. Five F 2 egg masses were produced by randomly mated females. F 2 and F 3 larvae were reared on SilkMate 2S without antibiotics in a plastic container (23 cm × 15 cm × 5 cm). The sex ratios of pupae in the control and antibiotic treatments were counted. In each generation, DNA was extracted from 3 to 5 female adults after egg-laying, and bacterial infection was assessed by PCR analysis, as described above.
Inoculation of Male-Killing Trait
To establish a line singly infected with Spiroplasma and to examine whether it displays the male-killing phenotype, several female larvae (from fifth to sixth instar) of the SR strain were homogenized in 50 μL phosphate-buffered saline and centrifuged at 9100 × g for 1 min at 4 °C, and the supernatant was collected. DNA was extracted from the collected supernatant containing hemolymph, subjected to PCR, and the PCR products were directly sequenced to check for Spiroplasma infection, as described above. Meanwhile, aliquots of the collected supernatant (1.2-8.0 μL) were injected into 14 female larvae (from fourth to sixth instar) of the N strain using a microsyringe. The injected larvae were reared individually. Each female adult was allowed to mate randomly with two to four males of the N strain in a plastic box and lay eggs. DNA was extracted from the resulting adults, and bacterial infection was checked by PCR analysis.
Statistical and Phylogenetic Analyses
Statistical differences in egg hatch rate between the N and SR strains were determined using Student's t-test after data were arcsine square-root transformed. Fisher's exact test was used to confirm whether sex ratios of the N and SR strains were biased. All analyses were conducted with R ver. 3.0.1 (R Development Core Team 2013).
A phylogenetic tree was constructed based on 16S rRNA gene sequences from Spiroplasma of the SR strain and from those deposited in GenBank (for GenBank accession numbers, see Figure 3 ) using the MEGA 6.0 software package (Tamura et al. 2013) . After manual editing, sequences were aligned, and the neighbor-joining Figure 1 . Proportions of adult males of Homona magnanima reared from egg masses that were collected from a tea plantation in Shizuoka Prefecture. Black bars represent hosts with an even sex ratio; gray bars, host with a male-biased sex ratio; and white bars, hosts with a female-biased sex ratio. Asterisks represent the RNA-like virus infection.
method was used to construct a phylogenetic tree. To test the reliability of each clade on the tree, 1000 bootstrap resamplings were performed.
Results
Field Survey
Adults that emerged from three egg masses (ID: 4, 86, and 95, Figure  1) were positive for the RNA-like virus and showed a female-biased sex ratio. Their sex ratios of both pupae and adults differed significantly from 1:1 (Fisher's exact test, P < 0.001). On the other hand, 2 egg masses (ID: 22 and 94) that produced only females with a complete absence of males, and 6 other egg masses (ID: 1, 18, 23, 46, 55, and 96) showed a significant female-biased sex ratio (P < 0.01) but were negative for the RNA-like virus (Figure 1) . We maintained the offspring of the egg mass ID: 23 as the SR strain to use for the following examination.
Male-Killing Trait
The egg hatch rate of 2 egg masses of the N strain, both of which produced both male and female adults, was greater than 50%, and sex ratios were not significantly different from 1:1 (32 females and 38 males in total from both egg masses, Fisher's exact test, P = 0.6712; Table 1 ). The SR strain produced only female adults and no males, and the sex ratios of both pupae and adults differed significantly from 1:1 (P < 0.001). The egg hatch rate of 2 egg masses in the SR strain was 25% and 20%, and was significantly lower than that in the N strain (Student's t-test, t = 11.49, df = 2, P = 0.007).
Identification of the Male-Killing Agent
The N strain was infected with only Wolbachia, whereas the SR strain was infected with both Wolbachia and Spiroplasma. All samples tested were negative for Rickettsia.
The SR strain fed on antibiotic-free food showed the usual female-biased sex ratio and was infected with both Wolbachia and Spiroplasma (Table 2) . Treatment with 0.10% tetracycline restored the 1:1 sex ratio in the SR strain, and females in the second and third generations lacked both bacteria. Treatment with 0.05% tetracycline also restored the 1:1 sex ratios in F 1 offspring, but their mothers were positive for both bacteria (Figure 2) . A total of 42 female pupae were randomly selected from 7 F 1 egg masses, and, among them, 5 female adults produced the next generations. Of these 5, the adult female SRw2 was positive only for Spiroplasma, and its offspring showed a 27:0 sex ratio. However, SRw3 was positive for both bacteria. SRn2 lacked both bacteria and its offspring showed a 1:1 sex ratio, but SRn3 was positive only for Wolbachia and did not revert to male killing. The adult female SRa2 was negative for both Spiroplasma and Wolbachia and thus designated as a "bacteriafree strain" to use for mating with the SR strain. Treatment with 0.10% ampicillin showed a female-biased sex ratio, and females in the F 0 generation were positive only for Spiroplasma (Table 2) . However, 2 of 3 mothers of the next generation were positive for both Spiroplasma and Wolbachia, and the offspring of the remaining mother were also positive for both bacteria. Treatment with 0.05% ampicillin failed to restore the 1:1 sex ratio, and all females were positive for both bacteria.
Fourteen female larvae (from fourth to sixth instar) of the N strain were inoculated with a homogenate of the SR strain female larvae. Two of the females died during the pupal stage, 11 females emerged, and 1 female failed to emerge. Five females inoculated at various instars were used to produce the next generation (Table 3) . Only the line IN12 showed a female-biased sex ratio, and the F 3 females were still infected with only Spiroplasma.
Morphological and Phylogenetic Traits of MaleKilling Spiroplasma
We observed Spiroplasma-like structures in cross-section images of the ovaries of the SR strain (Figure 3) . The structures were approximately 130 nm in diameter. Like typical Spiroplasma, these structures with helical shapes were surrounded by a membrane, and lacked a cell wall. The Spiroplasma 16S rRNA gene was PCR-amplified from the offspring (F 3 ) of the IN12 line inoculated with a homogenate of the SR strain. Partial rRNA gene sequences of 8 clones were determined, and 2 1092-bp sequences of Spiroplasma (named Spiroplasma sp. Hm type A and Hm type B) were obtained. We found nucleotide substitutions at 11 positions between the 2 sequences. A phylogenetic tree based on the 16S rRNA gene showed that both Spiroplasma sequences belonged to the ixodetis clade of Spiroplasma (Figure 4) .
Discussion
The present study demonstrated SR distortion in a population of H. magnanima, in which 3 male-killer candidates, Wolbachia, Spiroplasma, and the RNA-like virus, were detected. As shown by the low egg hatch rate and high mortality rate during the first instar in the SR strain, the phenotype of this male killer is likely to be early male killing. PCR analysis indicated that the SR strain of H. magnanima larvae was infected with Wolbachia and Spiroplasma but not with the RNA-like virus. Thus, the early male killing in H. magnanima was considered to be caused by either or both of these bacteria. The results of antibiotic treatment using tetracycline and ampicillin indicated an individual harboring Spiroplasma and lacking Wolbachia display the male-killing phenotype, whereas an individual lacking Spiroplasma and harboring Wolbachia lost SR distortion. Inoculation with homogenate of the SR strain to the N strain larvae successfully established stable vertical transmission of Spiroplasma in H. magnanima. Given the electron microscopy data, these results indicated that Spiroplasma sp. was responsible for killing the male embryos in H. magnanima. Sex ratios of pupae of Homona magnanima in each generation of the 0.05% tetracycline treatment. Each square indicates an adult female whose offspring pupae were used for examining the sex ratio (female:male). These females were negative for bacteria (white squares), positive for either Wolbachia or Spiroplasma (gray squares), and positive for both Wolbachia and Spiroplasma (black squares). Phylogenetic analysis of the Spiroplasma male killer found in our study confirmed that it is closely related to most other male killers, belonging to the clade ixodetis. A number of Spiroplasma strains, including ixodetis members, are known to be male killers in a variety of hosts, such as ladybird beetles Majerus et al. 1999) , fruit fly (Haselkorn et al. 2009 ), pea aphid (Fukatsu et al. 2001) , moths (Tabata et al. 2011) , and butterflies . The heterogeneous phylogeny of the hosts, which reaches even the order level, implies that horizontal transmission of ixodetis Spiroplasma occurs sometimes among these insect hosts. Sequencing also revealed that Spiroplasma sp. infecting H. magnanima possessed at least two different sequences of 16S rRNA. Ostrinia zaguliaevi (Lepidoptera: Crambidae) also has 2 Spiroplasma types that were considered to be interoperonic polymorphisms (Tabata et al. 2011) . Many bacteria harbor heterogeneous numbers of rRNA operons, varying from 1 to 15 (Acinas et al. 2004; Klappenbach et al. 2001) . Therefore, the 2 sequences found in our study are also likely to be interoperonic polymorphisms within a single genome of Spiroplasma rather than 2 different strains.
The inoculation experiments using the SR strain containing Spiroplasma and Wolbachia succeeded in establishing stable vertical transmission and expression of the male-killing phenotype of Spiroplasma. Spiroplasma is generally difficult to culture, and thus inoculation into the host by microinjection is a common research tool (Anbutsu and Fukatsu 2011) . A line singly infected with Spiroplasma was established from the host IN12 in this study; however, the first generation of this line showed a 1:1 sex ratio. Previous studies in Drosophila melanogaster suggested that bacterial density is positively correlated with the intensity of male killing by Spiroplasma (Anbutsu and Fukatsu 2003) . In this study, we did not measure the bacterial density, but if this is also the case in H. magnanima, the density of Spiroplasma cells might not have reached the threshold required for expression of the male-killing phenotype within an adult female. After an interval of one generation, the proliferation of Spiroplasma appeared to be sufficient to induce a female-biased sex ratio. On the other hand, Wolbachia was detected in the F 0 generation in the inoculation experiment but lost in the following generations. Wolbachia is usually transinfected by embryo microinjection because it needs to reach the host's germline (Hughes and Rasgon 2014) . Our result also showed that Wolbachia infections are difficult to establish via injection during the larvae stage. Furthermore, the reoccurrence of Wolbachia was observed in the antibiotic-treated offspring ( Figure 2) ; in the SRn and SRw lines, Wolbachia was lost in the F 2 generation but recovered in the F 3 generation. The presence of Wolbachia and female-biased sex ratio in H. magnanima did not correlate with each other, and thus this Wolbachia strain was not a male killer. Wolbachia is known to be involved in biasing the host's sex-ratio, but not all Wolbachia species manipulate the host's reproduction. Instead, Wolbachia infections sometimes provide a fitness benefit for hosts by increasing female fecundity (Mazzetto et al. 2015) or by protecting against pathogens and parasites (Hedges et al. 2008; Brownlie and Johnson 2009) . Our findings do not suggest that Wolbachia infection causes any phenotype of reproductive manipulation in H. magnanima, but identifying a possible mutualistic relationship will require further research.
Among reproductive manipulations, male killing is particularly widespread in a variety of hosts and parasites . Spiroplasma-induced male killing has been reported in several orders of arthropods, as mentioned above Montenegro et al. 2006a; Tabata et al. 2011; Sanada-Morimura et al. 2013 ). For such a strategy to be adaptive for the male-killing agent, killed males should provide a benefit to sibling females, such as the prevention of inbreeding, prevention of cannibalism among females, and resource reallocation from dead males to females (Hurst and Majerus 1993) . Otherwise, male killing per se may not be adaptive, or Spiroplasma strains that induce male killing may persist because they also supply nutrition or protect against natural enemies (Xie et al. 2014; Zug and Hammerstein 2015) . The adult female of H. magnanima lays 3-5 egg masses, each of them contains about 140 eggs, on the upper surfaces of leaves (Takeda Pharmaceutical Company Limited 1982) . The newly hatched larvae do not disperse from the egg mass and make a nest by webbing 2 mature leaves together in a particular part of the bush (Tamaki 1991) . Aspects of the ecology and life history of H. magnanima suggest that female progeny of infected females gain an advantage over those of uninfected females through a reduction of local resource competition and/or of inbreeding as a result of the death of male siblings.
It is common to observe more than one strain or species of bacteria infecting a single host individual or found within a population. The CI-inducing Wolbachia strain can coinfect a single host insect with feminizers (Hiroki et al. 2004) or male killers (Montenegro et al. 2005) . The Moscow ladybird harbored three male-killing agents, Wolbachia, Spiroplasma, and Rickettsia, all of which expressed an early male-killing phenotype at the population level . Our study revealed that an RNA-like virus was distributed in the Shimada H. magnanima population, and causes late male killing, as previously reported (Morimoto et al. 2001; Nakanishi et al. 2008 ).
Furthermore, Spiroplasma-induced early male killing occurred sympatrically. This is the first case in which different male-killing agents expressed at different times in the life cycle have been found within one host population. So far, the RNA-like virus and Spiroplasma induced male killing in different individuals, and coinfection with these 2 male-killing agents was not detected. In further studies, we need to examine whether the RNA-like virus and Spiroplasma can both infect an individual host in the field; if so, how often coinfection occurs, and how the phenotype(s) are expressed in the host. Coinfection at the individual level or coexistence at the population level may affect the densities of these microbes and thus the phenotypes expressed in their host. In the case of Asobara tabida, coinfection with 3 Wolbachia strains affected their densities and fitness costs to the host compared with single infection (Mouton et al. 2004 ). On the other hand, in D. melanogaster, CI-inducing Wolbachia and a male-killing Spiroplasma occurred as single or mixed infections but no effect of infection status on fitness of females was observed (Montenegro et al. 2006b ). Understanding the interactions between early versus late male killing in H. magnanima may also provide insight into the evolution of symbionts' life strategy in their hosts.
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